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All complex multicellular organisms must solve the problem of generating diverse and appropriately
patterned cell types. Asymmetric division, in which a single mother cell gives rise to daughters with distinct
identities, is instrumental in the generation of cellular diversity and higher-level patterns. In animal systems,
there exists considerable evidence for conservedmechanisms of polarization and asymmetric division. Here,
we consider asymmetric cell divisions in plants, highlighting the unique aspects of plant cell biology and
organismal development that constrain the process, but also emphasizing conceptual andmechanistic simi-
larities with animal asymmetric divisions.The Diversity of Asymmetric Cell Divisions
Asymmetric division is a fundamental and nearly universal mech-
anism for the generation of cellular diversity and pattern. Divi-
sions producing daughters dissimilar in morphology, identity,
or function are essential to many developmental processes,
including fate specification, tissue patterning, and cellular self-
renewal, and have also been both linked to human disease and
exploited in its treatment. The problem of generating divisional
asymmetry occurs in all complex multicellular organisms, as
well as in some unicellular ones, and can occur in diverse
contexts during the development of a single organism. From
cell biological, evolutionary, and network perspectives, it is
intriguing to assess whether and to what extent logic and mole-
cules are conserved across phyla and across developmental
processes. While all organisms must solve the same problem of
generating asymmetries, they do not always come up with the
same solutions.
Classic Models of Asymmetry Generation
Several distinct processes must be coordinated during execu-
tion of an asymmetric division. Specifically, the dividing cell
must have mechanisms for positioning and/or orienting its divi-
sion plane, and these mechanisms must be coordinated with
fate-specifying factors in such a way that unequal daughter cells
are reliably generated. The role of internal versus external infor-
mation in guiding these processes has long been of interest in
the asymmetric division field, and divisions have traditionally
been classified according to the type of information that spec-
ifies unequal daughter fates: a division is ‘‘intrinsic’’ if fate deter-
minants are unequally distributed to daughters at birth, or
‘‘extrinsic’’ if initially equivalent daughters acquire distinct fates
due to differential postdivision signaling. In a classic example
of intrinsic asymmetric division, that of a Drosophila neuroblast
(Figure 1A), fate inequality between daughters is conferred by
unequal segregation of determinants (Goldstein and Macara,
2007; Knoblich, 2008; Zhong and Chia, 2008). Fate determinants
are localized with reference to a cellular axis of polarity estab-
lished before mitosis. This axis, apparently established in the
neuroectoderm and retained by delaminating neuroblasts,
manifests itself at the molecular level as an accumulation ofconserved polarity proteins at the apical cortex. These polarity
proteins nucleate spindle-orienting factors, indirectly specifying
a division plane transverse to the apical-basal axis, and direct
the accumulation of fate determinants at the opposite (basal)
pole (Rolls et al., 2003; Schober et al., 1999; Wodarz et al.,
1999). Upon division, determinants are segregated into the basal
daughter cell, where they drive cell fate transitions (Choksi et al.,
2006; Knoblich et al., 1995; Spana and Doe, 1995). Extrinsic
asymmetric divisions are exemplified by Drosophila germline
stem cells (GSCs; Figure 1B), whose initially equivalent daugh-
ters acquire distinct fates via positional signaling (Fuller and
Spradling, 2007). Unlike neuroblasts, GSCs are found in a highly
ordered niche microenvironment, where they maintain constant
contact with cap cells (female germline) or hub cells (male germ-
line) that release a short-range signal to maintain their neighbors’
stem cell identity. Dividing stem cells consistently orient their
spindles perpendicular to the cap/hub cells, ensuring the
production of daughters proximal and distal to the source of
signal (Kiger et al., 2001; Xie and Spradling, 1998, 2000). The
daughters adopt distinct fates according to their positions: the
proximal daughter remains a GSC, while the distal daughter
moves out of signaling range, loses stem cell identity, and initi-
ates differentiation.
This ‘‘intrinsic versus extrinsic’’ framework has been highly
influential in the asymmetric division field and has encouraged
investigators to consider the contributions of internal and
external factors to division asymmetry. A deficiency of this
framework, however, is its focus on the endpoint of asymmetric
division—the specification of unequal daughter cell fates—
rather than asymmetric division as a process. Intrinsic/extrinsic
control of daughter fate is an imperfect proxy for internal/external
control of the overall division, as it takes the state of the postcy-
tokinetic daughters as a starting point and neglects the (poten-
tially diverse) factors that may act before division to establish
this state. For instance, division of a mother cell polarized by
signals from neighbors is formally intrinsic due to the unequal
inheritances of daughters, yet its asymmetric outcome is
primarily dependent on external information. Similarly, an
extrinsic division in which daughter fates are specified by posi-
tional signaling may rely on precytokinetic mechanisms ofDevelopmental Cell 16, June 16, 2009 ª2009 Elsevier Inc. 783
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Figure 1. Models and Cell Biology of Asymmetric Divisions
(A) The neuroblast (NB) model of intrinsic asymmetric fate specification. NBs arise within the neuroectodermal layer, which is polarized along its apical-basal (a/
b) axis. Delaminating NBsmaintain this polarity via retention of apical polarity proteins (green crescent). The polarity proteins induce cortical accumulation of fate
determinants (orange crescent) at the opposite side of the NB and specify division plane via spindle anchoring. Upon division, the fate determinants are segre-
gated into the smaller daughter and induce its differentiation by relocalizing to the nucleus, while the larger daughter receives no determinants and retains NB
identity.
(B) The germline stem cell (GSC) model of extrinsic asymmetric fate specification, illustrated with a simplified version of the female germline (transit amplifying
divisions not shown). GSCs are located in a highly structured, sterically constrained niche composed of cap cells and companion cells. GSCs are physically
bound to the cap cells, which release short-range signals that promote stem cell identity and prevent differentiation. Dividing GSCs orient their spindles perpen-
dicular to the cap cells, such that one daughter remains in contact with cap cells, continues to receive signals, and retains GSC identity, while the other is dis-
placed away from the cap cells, fails to receive signals, and differentiates. Note that although only one is shown in this diagram, both GSCs divide.
(C) Cell biological mechanisms of plant and animal cell division. In plant cells, the preprophase band (PPB) predicts the future division plane during late interphase,
indicating that division plane is specified prior to mitosis. The PPB disappears as the spindle assembles, but leaves a molecular memory of its position (dotted
line). After nuclear division, the phragmoplast attaches to the cortex at the former location of the PPB and directs deposition of a new cell wall, resulting in cyto-
kinesis. Animal cells, in contrast, specify division plane during mitosis via placement of the spindle midzone and undergo contractile cytokinesis rather than cell
wall formation. Boxes mark the stage at which the division plane is specified in each cell type.spindle orientation to generate daughters in distinct relations to
the signaling source (e.g., Yamashita et al., 2007).
The degree to which a division is internally versus externally
controlledmay reflect properties and constraints of the divisional
context. A high degree of internal control is appropriate for
systems where cells may experience several different environ-
ments, yet need to retain a polarity encountered early in life. In
neuroblasts, development involves delamination—removing784 Developmental Cell 16, June 16, 2009 ª2009 Elsevier Inc.the neuroblast from the polarized environment of the neuroecto-
derm—yet the relocated cell must retain a mechanism for gener-
ating unequal daughters. Internal mechanisms for polarity main-
tenance are also seen in unicellular systems such as yeast, fungi,
and bacteria, where ‘‘landmark’’ proteins act to distinguish
cell ends or previous division sites, allowing a spontaneously
organized or inherited axis to be maintained over time in an iso-
lated cell (Ebersbach and Jacobs-Wagner, 2007; Irazoqui and
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well suited to highly ordered division systems in which cells
encounter a predictable set of landmarks and do not migrate
or transit between layers during development.
Intrinsic and Extrinsic Models as Applied to Plants
We will use the intrinsic and extrinsic models (together with the
more general concepts of internal and external control) as
a framework to analyze asymmetric divisions in plants. While
these models are not inherently tied to specific molecular mech-
anisms, certain groups of molecules appear to act as conserved
regulators of each division mode in animal systems. This
phenomenon is best exemplified by the PAR proteins, which
form a ‘‘polarity cassette’’ broadly used in intrinsic divisions,
and Wnt/b-catenin signaling, which plays a role in a subset of
extrinsic divisions (reviewed in Goldstein and Macara, 2007;
Knoblich, 2008; Sokol, 2007). Neither PARs nor Wnt/b-catenin
signaling components have been found in the sequenced
genomes of several plant species, indicating that individual
molecular players are not generally conserved between plant
and animal asymmetric divisions (Arabidopsis Genome Initiative,
2000; International Rice Genome Sequencing Project, 2005).
The question then becomes whether plants possess fundamen-
tally different asymmetric division mechanisms, or whether they
use essentially animal-likemechanisms based on distinct molec-
ular players. From a theoretical standpoint, it is likely that the
answer lies somewhere in the middle: because plants and
animals must solve similar asymmetric division problems (e.g.,
breaking symmetry, maintaining stem cells), there will tend to
be a certain logical similarity to their solutions. Yet plants differ
consequentially from animals in their cell biology, tissue struc-
ture, and growth habits, and these distinctions are likely reflected
in plant asymmetric division mechanisms. For instance, plant
cells do not migrate and are embedded in a rigid extracellular
matrix, conditions suited to the widespread use of external
control mechanisms in plants (at the potential expense of internal
ones). In the remainder of this review, we will present current
data on asymmetric division mechanisms in plants, repeatedly
revisiting the question of whether and to what extent they
resemble those of animals.
Implications of Plant Cell Biology
for Asymmetric Division
Cell division occurs via fundamentally different mechanisms in
plants and animals, and the unique attributes of plant cell division
affect the types of mechanisms that might create asymmetries
during division (Figure 1C). Rather than undergoing contractile
cytokinesis, plant cells partition cytoplasm and DNA via
construction of a new cell wall. This process is dependent on
two plant-specific cytoskeletal arrays: the preprophase band
(PPB) and the phragmoplast (reviewed in Wright and Smith,
2008 and Muller et al., 2009). The PPB, a dynamic structure
composed primarily of microtubules and actin filaments,
appears in late G2 as a ring girdling the cell and disappears at
the end of prophase with assembly of the spindle. Importantly,
the PPB prefigures the location of the new cell wall, indicating
that the plant cell division plane is specified prior to mitosis.
The phragmoplast arises after nuclear division and serves as
a scaffold for the construction of the new cell wall at the locationspecified by the former PPB. The primary role of the PPB
appears to be guidance of later cytoskeletal arrays, such that it
must leave behind a cellular ‘‘memory’’ of its position. The
molecular nature of this palimpsest is unknown, but several
proteins required for PPB formation (Wright et al., 2009) and
phragmoplast guidance (Walker et al., 2007) remain at the PPB
site following disassembly.
From an asymmetric division perspective, perhaps the most
important distinction between plant and animal cell division is
the use of divergent mechanisms for division plane specification.
In animal cells, division plane is specified by the placement of the
spindle midzone, and both intrinsic and extrinsic modes of
asymmetric division rely upon coordination of spindle placement
with that of fate-determining factors (Rappaport, 1986). Several
mechanisms of spindle orientation have been described,
including centrosome retention near a junction site (as in
GSCs) and spindle pole ‘‘capture’’ by polarity proteins (as in
Drosophila embryonic neuroblasts), while off-center placement
of the spindle midzone can be achieved by differential pulling
forces exerted from the cortex to the astral microtubules (re-
viewed in Cowan and Hyman, 2004; Doe, 2008; Yamashita and
Fuller, 2008). In plant cells, on the other hand, the PPB predicts
division plane in late interphase, before the mitotic spindle has
even formed, and the subsequent placement of the spindle is
a downstream consequence of PPB formation. Thus, spindle
manipulation mechanisms identified in animals cannot underlie
plant division plane specification, and plant asymmetric division
must instead rely upon coordination of PPB placement with
internal or external fate-determining factors.
The plant PPB and the animal spindle have opposite relation-
ships to cellular axes, and this distinction affects how intrinsic
asymmetric division mechanisms can be structured. Specifi-
cally, the animal spindle lies perpendicular to the future division
plane, whereas the plant PPB is coplanar with division plane
(Figure 1C). In order for determinants to be correctly segregated
in the former scenario, the spindle must form cortical co-
nnections at the samepoleswhere fate determinants andpolarity
proteins differentially accumulate. In the latter case, in contrast,
the PPB would have to form cortical connections in a plane
orthogonal to the axis of differential determinant accumulation.
Thus, plant ‘‘polarity proteins’’ equivalent to the PARs could
not coordinate division plane placement with determinant local-
ization simply by sitting at one cellular pole, repelling fate deter-
minants, and promoting cortical attachment of the relevant cyto-
skeletal structure. Instead, they would have to either prefigure
the PPB and direct differential polar accumulation of determi-
nants from this central location, or else lie at a single pole and
act from there to position the PPB at an intermediate location
along the cellular axis. Thus, internal coordination of division
plane and cell polarity presents a unique challenge in plants,
and plant intrinsic division mechanisms would have to be struc-
tured differently from those of animals.
That intrinsic division systemswould have towork differently in
plants than in animals does not preclude the existence of general
plant polarity proteins conceptually comparable to the PARs
or to the GTPase Cdc42. Indeed, two classes of plant proteins
display polar localization in multiple cell types and have
accordingly been likened to the PARs. First, the ROP family
Rho-type GTPases, which are distantly related to Cdc42, areDevelopmental Cell 16, June 16, 2009 ª2009 Elsevier Inc. 785
Developmental Cell
Reviewasymmetrically localized and have been shown to function in cell
expansion and tip growth (Fu et al., 2002, 2005; Yang and Fu,
2007). Second, the PIN family transporters direct flux of the plant
hormone auxin, and their asymmetric subcellular localization is
required for correct establishment of auxin gradients (Geldner,
2009). These properties indicate that PINs and ROPs may be
meaningfully analogous to PARs in their cell polarization role,
and it will be interesting to see whether these factors also act
as PAR-like regulators of asymmetric division. Were they to be
true analogs, the PINs and/or ROPs would be expected to (1)
show polarized or discrete subcellular localization in asymmetri-
cally dividing cells, (2) be unequally segregated to daughters, and
(3) perturb asymmetric divisions when eliminated by mutation.
Testing of these predictions is relatively straightforward, and, in
many cases, can be done using existing mutants and reporters.
Developmental Control of Asymmetric Division
Gaps remain in our understanding of plant asymmetric division at
the cell biological level. Such gaps have not, however, prevented
analysis of the higher-level molecular genetic mechanisms gov-
erning incidence, orientation, and fate outcome of specific
asymmetric divisions. These divisions have been most exten-
sively studied in three developmental contexts: the embryo,
the root meristem (stem cell population), and the stomatal
lineage. A list of molecular players involved in plant asymmetric
divisions, with emphasis on work in Arabidopsis thaliana, is
provided in Table 1.
Asymmetric Divisions in the Embryo
The Arabidopsis embryo undergoes numerous, stereotyped
asymmetric divisions that produce daughter cells distinct in
morphology, fate, or expression profile (Figure 2; Jenik et al.,
2007). Only a few of these division events have been intensively
studied, and in all cases, the external cues and/or intrinsic deter-
minants that directly specify division asymmetry remain elusive.
Nonetheless, recent studies have identified factors responsible
for specification and maintenance of distinct fates in daughter
cells, some of which might act as segregated determinants or
transduce a positional signal.
Life Begins with Asymmetry: Division of the Zygote
Embryogenesis in Arabidopsis begins with a physically asym-
metric division that generates daughter cells with distinct fates
and developmental programs. This initial division produces
a small apical cell, which gives rise to the majority of the embryo,
and a larger basal cell, which develops primarily as a support
structure called the suspensor (Figure 2A). While the cue that
confers divisional asymmetry has yet to be identified, several
factors are known to specify and/or execute distinct fate
programs in daughter cells. First, the MAPKK kinase YODA
can act as a cell fate switch (Lukowitz et al., 2004). In its absence,
the zygotic division loses asymmetry and the suspensor
acquires partial embryonic identity, whereas constitutively active
YODA induces suspensor-like characteristics in the embryo
(Lukowitz et al., 2004). Plants lacking downstream components
of the YODA kinase cascade, MPK3 and MPK6, display a similar
loss of asymmetry in the zygotic division (Wang et al., 2007).
A sperm-supplied, Pelle-like kinase, SHORT SUSPENSOR, acts
as an upstream activator of the YODA pathway and links onset786 Developmental Cell 16, June 16, 2009 ª2009 Elsevier Inc.of signaling to fertilization (Bayer et al., 2009). However, how
YODA signaling promotes division asymmetry and is tuned to
enforce apical and basal fates remains unknown.
Several members of the WOX homeobox transcription factor
family, WOX2, WOX8, and WOX9, are also required for correct
development of the apical and basal zygotic lineages. A wox2
mutation confers variable division defects in the apical lineage
from the two-cell embryo stage onward, while wox9 (Wu et al.,
2007) andwox8; wox9 (Breuninger et al., 2008) confer embryonic
arrest and aberrant divisions in both embryo and suspensor line-
ages. WOX2 and WOX8 are initially coexpressed in the zygote,
but become restricted to the apical and basal cells, respectively,
at the one-cell embryo stage, when WOX9 may also be ex-
pressed exclusively in the basal cell (Figure 2A; see conflicting
reports in Haecker et al., 2004 and Wu et al., 2007). This expres-
sion pattern makes it attractive to postulate segregation ofWOX
family mRNAs or proteins as intrinsic determinants, but it is
equally possible that these factors are uniformly distributed to
daughter cells and differentially extinguished in each. Though
likely to represent high-level executors rather than master regu-
lators of embryo and suspensor fate programs, the WOX genes
may provide a foothold for identifying the factors whose differen-
tial localization or activity directly confers fate asymmetry on
these lineages.
Establishing Tissues and Organizers
In later (64-cell) embryos, asymmetric division of the hypophysis
(uppermost suspensor cell) generates a lens-shaped apical
daughter, which develops into the quiescent center (QC, root
stem cell organizing center), and a larger basal daughter, which
gives rise to the columella stem cells (Figure 2B and Figure 3;
see below). As in the zygotic division, the cues ultimately respon-
sible for asymmetry remain unknown, but division regulators that
might transduce positional signals have been identified, as have
factors unequally expressed in daughters. The type 2C protein
A B
Figure 2. Asymmetric Divisions in the Arabidopsis Embryo
(A) The initial division of the zygote, guided by the MAPKK kinase YDA, gener-
ates a small apical cell that gives rise to the embryo proper and a large basal
cell that gives rise to the extraembryonic suspensor. WOX2 and WOX8 are
initially coexpressed in the zygote but restricted to the apical and basal cells,
respectively, following division.
(B) Division of the hypophysis cell (orange in left embryo), guided by phospha-
tases POL and PLL1, produces a lens-shaped apical daughter (orange in right
embryo), which generates the quiescent center, and a larger basal daughter,
which gives rise to the columella stem cells. Transcription factors WOX5 and
SCR are restricted to the apical daughter following division.
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Figure 3. Asymmetric Divisions in the Arabidopsis Root
(A) In columella stem cells, FEZ protein andmRNA oscillate over time. FEZ appears in predivision stem cells and in their differentiating daughters, activating SMB
in the latter, but transiently disappears from postdivision stem cells.
(B) LRC/Epi stem cells undergo divisions in alternating planes, generating lateral root cap cells via periclinal division and epidermal cells via anticlinal division.
(C) Diffusible transcription factor SHR specifies fate asymmetry in the cortex/endodermis system. SHR diffuses from the stele (pale yellow) to the endodermis,
where it is bound and sequestered by SCR, initiating a positive feedback loop that simultaneously induces endodermal fate and prevents SHRmovement into the
cortex.
(D) Anticlinal division of the cortex/endodermis stem cell generates an intermediate precursor, which divides periclinally to give an inner endodermal and outer
cortical daughter.phosphatases POLTERGEIST (POL) and POLTERGEIST-LIKE1
(PLL1) are required for hypophyseal asymmetric division, such
that in their absence, physical asymmetry of division is reduced
and daughters adopt neither lens cell nor basal cell fates (Song
et al., 2008). The primary pol; pll1 defect might lie in either asym-
metric division or specification of hypophysis identity, though
loss of asymmetry in an additional division (that of the procambial
cells)might argue for the former (Songet al., 2008).Upondivision,
two hypophysis-expressed factors are restricted to the lens-
shaped daughter: WOX5, a WOX family gene implicated in root
stem cell maintenance, and SCARECROW (SCR), a transcription
factor with multiple roles in the root meristem (Di Laurenzio et al.,
1996; Haecker et al., 2004; Heidstra et al., 2004; Sabatini et al.,2003; Sarkar et al., 2007). Based on current evidence, these
genes do not appear to be primary mediators of POL/PLL1
activity, and the mechanisms responsible for their differential
expression remain unknown. Interestingly, these mechanisms
can be partially decoupled from specification of division plane:
tilted1, a mutant with skewed, even longitudinal hypophyseal
division planes, typically restricts SCR expression to a single
daughter and gives rise to functional QC and columella stem
cell lineages (Jenik et al., 2005).
Asymmetric Divisions in Apical Stem Cell Niches
A fundamental difference between plants and animals is the iter-
ative growth habit of the former. Whereas stem cells in animalsDevelopmental Cell 16, June 16, 2009 ª2009 Elsevier Inc. 787
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System Division Genes Involved Molecule Encodeda Relationship to Division References
Embryo zygotic YODA MAPKK kinase promotes basal lineage fate Lukowitz et al., 2004
WOX2 homeobox txn factor restricted to apical
daughter following
division
Haecker et al., 2004; Wu
et al., 2007; Breuninger
et al., 2008
WOX8 homeobox txn factor restricted to basal daughter
following division
Haecker et al., 2004; Wu
et al., 2007; Breuninger
et al., 2008
WOX9 homeobox txn factor may be expressed in basal
cell only following division
Haecker et al., 2004; Wu
et al., 2007; Breuninger
et al., 2008
hypophysis POL/PLL1 type 2C protein
phosphatases
promotes physical
asymmetry and appropriate
daughter fates
Song et al., 2008
WOX5 homeobox txn factor restricted to apical daughter
following division
Haecker et al., 2004;
Sarkar et al., 2007
TILTED1 catalytic subunit of DNA pol 3 orients division plane Jenik et al., 2005
SCR GRAS family txn factor restricted to apical daughter
following division
Wysocka-Diller
et al., 2000
procambial POL/PLL1 type 2C protein
phosphatases
promotes physical
asymmetry and appropriate
daughter fates
Song et al., 2008
Root cortex/endodermis
SC daughter (CED)
SCR GRAS family txn factor promotes periclinal CED
division and fate separation
of daughters
Di Laurenzio et al., 1996;
Cui et al., 2007;
Heidstra et al., 2004
SHR GRAS family txn factor promotes periclinal CED
division and endodermal fate
Nakajima et al., 2001;
Cui et al., 2007
JACKDAW zinc finger protein prevents ectopic ACDs
in cortex
Welch et al., 2007
MAGPIE zinc finger protein promotes ACDs in cortex;
antagonized by JKD
Welch et al., 2007
columella SC FEZ NAC domain txn factor promotes columella
SC division; dynamic
localization in SCs
Willemsen et al., 2008
SMB NAC domain txn factor promotes daughter
cell differentiation
Willemsen et al., 2008
lateral root cap/
epidermis
(LRC/Epi) SC
FEZ NAC domain txn factor promotes LRC/Epi SC
division; may specifically
promote periclinal division
Willemsen et al., 2008
SMB NAC domain txn factor promotes differentiation
of LRC cells
Willemsen et al., 2008
Stomatal
lineage
entryb (MMC to M) SPCH bHLH txn factor promotes occurrence
of ACDs
MacAlister et al., 2007;
Pillitteri et al., 2007;
Lampard et al., 2008
TMM leucine-rich repeat
receptor-like protein
prevents excess ACDs;
orients spacing divisions;
enforces nonstomatal
daughter cell fates
Yang and Sack, 1995;
Geisler et al., 1998;
Geisler et al., 2000;
Nadeau and Sack, 2002
SDD1 subtilisin-like serine
protease
prevents excess ACDs;
orients spacing divisions
Berger and Altmann, 2000;
von Groll et al., 2002
YDA, MKK4/5,
MPK3/6
MAP kinase signaling
components
orient spacing divisions and/
or enforce nonstomatal
daughter cell fates
Bergmann et al., 2004;
Wang et al., 2007
ER, ERL1,
ERL2
leucine-rich repeat
receptor-like kinases
prevent excess ACDs; orient
spacing divisions and/
or enforce nonstomatal
daughter cell fates
Shpak et al., 2005788 Developmental Cell 16, June 16, 2009 ª2009 Elsevier Inc.
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System Division Genes Involved Molecule Encodeda Relationship to Division References
EPF1 putative ligand orients spacing divisions;
prevents excess ACDs
Hara et al., 2007
EPF2 putative ligand represses entry divisions Hunt and Gray, 2009
SCRM/ICE1,
SCRM2
bHLH txn factor redundantly promote
entry divisions
Kanaoka et al., 2008
BASL novel promotes physical and
fate asymmetry; dynamic
nuclear/peripheral
localization correlates
with daughter fates
Dong et al., 2009
amplifying
(M self-renewal)
SPCH bHLH txn factor may promote
amplifying divisions
MacAlister et al., 2007
MUTE bHLH txn factor promotes termination
of amplifying division and
M to GMC fate transition
Pillitteri et al., 2007;
MacAlister et al., 2007
TMM leucine-rich repeat
receptor-like protein
prevents premature exit
from amplifying phase
Geisler et al., 2000;
Nadeau and Sack, 2002
ERL1, ERL2 leucine-rich repeat
receptor-like kinases
prevent premature exit
from amplifying phase; for
discussion of interactions
with ER, see reference
Shpak et al., 2005
SCRM/ICE1,
SCRM2
bHLH txn factor dose-dependently promote
termination of amplifying
divisions and M to GMC
transition
Kanaoka et al., 2008
YDA, MKK4/5,
MPK3/6
MAP kinase signaling
components
enforce nonstomatal
daughter cell fates
Bergmann et al., 2004;
Wang et al., 2007
subsidiary
mother
cell (maize)
PAN1 leucine-rich repeat
receptor-like kinase
(inactive)
promotes SMC polarization;
orients division plane
Gallagher and Smith,
2000
DCD1/ADD1
(Arabidopsis
ortholog:
FASS/TON2)
regulatory B00 subunits
of type 2A phosphatase
promote PPB formation;
general regulators of cell
division, but ACDs are most
sensitive to activity level
Gallagher and Smith, 1999;
Gallagher and Smith, 2000;
Wright et al., 2009; Camilleri
et al., 2002 (FASS/TON2)
Vasculature phloem
initial
APL MYB transcription factor promotes phloem cell fates
and asymmetric division
of phloem initials
Bonke et al., 2003
Pollen microspore GEM1/MOR1 microtubule-associated
protein
required for phragmoplast
guidance; general regulator
of cell division, but gem1
allele specifically affects
pollen ACDs
Chen and McCormick, 1996
Genes are categorized according to the organ/tissue in which they function and the specific division they regulate. General regulators of division are
included only when their role in asymmetric division has been extensively studied. ACD: asymmetric cell division.
a This table does not distinguish between predicted molecular identities based on sequence similarity and experimentally demonstrated functional
identities.
b Spacing divisions are included in the ‘‘Entry’’ category because they represent a specialized form of entry division.typically populate tissues during a limited juvenile period or
replace individual cells during adulthood, apical stem cell popu-
lations in plants (meristems) continually generate a stream of
cells that extend the body of the organism. Although the shoot
and root meristems play superficially similar roles, their function
and organization are quite distinct at the cellular level (reviewed
inDinneny andBenfey, 2008). The root apicalmeristem is a highly
organized structure composed of a hub-like organizing center
and several well-defined classes of stem cells, an arrangementthat resembles animal stem cell niches and lends itself well
to molecular genetic analysis (Scheres, 2007). In contrast, the
shoot apical meristem is less rigidly structured, comprising
a continually replenished pool of undifferentiated cells compe-
tent to adopt a wide range of identities. While certain properties
of the shoot meristem imply occurrence of asymmetric divisions,
the nature of such divisions is poorly defined and has not been
subject to recent investigation. Accordingly, we will consider
only the root meristem in the present analysis and refer readersDevelopmental Cell 16, June 16, 2009 ª2009 Elsevier Inc. 789
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discussion of the shoot meristem.
The Root Stem Cell Niche
The organizing center of the root meristem is the QC, a centrally
located, slowly dividing group of cells that maintains adjacent
stem cells in an undifferentiated state and might also serve to
orient their asymmetric divisions (Figure 3; van den Berg et al.,
1997; reviewed inDinneny andBenfey, 2008). Only cells touching
the QC normally behave as stem cells, pointing to a potentially
contact-dependent maintenance mechanism, although noncon-
tacting cells can take on stem cell fate in certain mutant back-
grounds (retinoblastoma-related [Wildwater et al., 2005] and
sombrero [Willemsen et al., 2008]). Laser ablation or genetic elim-
ination of QC function causes stem cell differentiation and, corre-
spondingly, loss of asymmetric division (van den Berg et al.,
1997).
In Arabidopsis, at least three morphologically and molecularly
distinct classes of stem cells exist at the root meristem: the
columella stem cells, the epidermis/lateral root cap (Epi/LRC)
stem cells, and the cortex/endodermal stem cells. Each type
undergoes oriented asymmetric division to produce one or
more characteristic cell types, whichmay be either differentiated
progeny or intermediate precursors capable of undergoing addi-
tional asymmetric divisions before differentiation.
Columella and Epi/LRC Stem Cell Divisions
Several factors, notably WOX5 (see above), indirectly promote
asymmetric division in columella stem cells by maintaining these
cells’ identity (Sarkar et al., 2007). Recently, two proteins from
the plant-specific NAC transcription factor family, FEZ and
SOMBRERO (SMB), were identified as more direct regulators
of this division (Willemsen et al., 2008). FEZ promotes division
of columella stem cells, such that fez (‘‘little cap’’) mutants
have a reduced division rate and fewer columella layers. In
contrast, SMB promotes daughter cell differentiation, such that
sombrero (‘‘big cap’’) mutants have an extra layer of cells resem-
bling columella stem cells. Based upon expression studies in
reciprocal mutants, FEZ appears to act in stem cells to promote
cell division and in daughter cells to promote expression of SMB,
which in turn downregulates FEZ, forming a negative feedback
loop that quells division and permits daughter cell differentiation
(Willemsen et al., 2008).
Based on these properties alone, FEZ and SMB would appear
to constitute a simple, cell-type-specific circuit controlling
frequency of division. However, one property of the FEZ/SMB
system suggests that it might provide deeper insights into divi-
sional asymmetry. Specifically, FEZ protein displays a dynami-
cally asymmetric expression pattern in columella stem cells
and their immediate daughters (Figure 3A). Before division,
stem cells almost invariably contain FEZ protein and mRNA;
immediately following division, however, a majority of apical
(stem cell) daughters lack FEZ protein and mRNA, whereas all
basal (differentiating) daughters display clear expression. While
it is not immediately clear what role cyclic accumulation and
unequal segregation/maintenance of FEZmight play, this finding
represents oneof few instances in plantswhere suchphenomena
have been correlated with an iterative asymmetric division.790 Developmental Cell 16, June 16, 2009 ª2009 Elsevier Inc.The FEZ/SMB system also regulates behavior of the Epi/LRC
stem cells, which give rise to both lateral root cap and epidermal
cells. Intriguingly, Epi/LRC stem cells act not by producing an
intermediate precursor that generates both daughter types, but
by undergoing divisions in alternating planes (Figure 3B).
Divisions parallel to the surface (periclinal) produce LRC cells,
whereas divisions perpendicular to the surface (anticlinal)
produce epidermal cells. This phenomenon indicates a strong
correlation between division plane and fate specification, and
further implies some formofmolecular ‘‘clock’’ regulatingdivision
plane reorientation. As in the columella system, FEZ promotes
division of Epi/LRC stem cells, and has also been proposed to
promote periclinal reorientation of the division plane (Willemsen
et al., 2008). Indeed, ectopic expression of FEZ in another tissue
layer (the endodermis) can induce periclinal divisions. Whether
FEZ reorients existing divisions or simply induces new divisions
that it specifies as periclinal has not yet been resolved (Willemsen
et al., 2008).
The Cortex/Endodermal Division
Perhaps the best-studied asymmetric division in plants is that
which gives rise to two radial layers of the root, the outer cortex
and underlying endodermis (Figures 3C and 3D). To initiate
production of these cell types, a cortex/endodermal stem cell in
contact with the QC undergoes an anticlinal asymmetric division,
renewing itself and producing a nonequivalent cortex/endo-
dermal stem cell daughter (CED). The CED then divides asym-
metrically in a periclinal sense, producing an outer daughter
that develops as cortex and an inner daughter that adopts endo-
dermal identity.
Division of the CED and asymmetric fate specification in its
daughters are under control of SCR and SHORTROOT (SHR),
members of the plant-specific GRAS transcription factor family.
Activity of both SCR and SHR is required for the periclinal divi-
sion of the CED, such that strong loss-of-function mutations in
either gene result in division failure and a single layer of ground
tissue (Di Laurenzio et al., 1996; Helariutta et al., 2000). In wild-
type, SCR and SHR specify asymmetric CED daughter cell fates
via an ingenious signaling mechanism based on transcription
factor diffusion and sequestration (Cui et al., 2007). Although
SHR is transcribed only in the stele (central vascular tissue) of
the root, SHR protein is found in the adjacent QC cells, cortex/
endodermal stem cells, and endodermis, indicating intercellular
movement from the stele to adjacent cells (Nakajima andBenfey,
2002). Although SHR protein can be transiently detected in both
daughter cells following CED division, indicating that it does not
act as a segregated determinant, it is rapidly extinguished in the
cortex daughter and subsequently excluded from the cortical
layer (Nakajima et al., 2001). Thus, SHR moves from the stele
to the adjacent endodermis, but does not move further from
the endodermis to the cortex. SCR, which is expressed in the
QC, cortex/endodermal stem cells, CEDs, and endodermis, is
required to limit SHR movement (Heidstra et al., 2004), and
recent work has demonstrated that SCR physically binds SHR
and sequesters it in the nucleus of endodermal cells (Figure 3C;
Cui et al., 2007). The nuclear SCR/SHR complex upregulates
SCR transcription, triggering a positive feedback loop that not
only induces a rapid transition to endodermal fate, but also
generates sufficient SCR protein to absorb all incoming SHR
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Absence of SHR (and, correspondingly, failure of SCR transcrip-
tion) allows this layer to adopt its appropriate cortical fate. It
should be noted that this model does not account for the role
of SCR/SHR in periclinal CED division, and that the factors allow-
ing SHR signal to induce distinct responses in the CED (periclinal
division) and its inner daughter (endodermal differentiation)
remain to be identified.
Asymmetric Divisions in Dispersed Populations
Although the root apical meristem provides an excellent system
in which to study divisional asymmetry, developmentally impor-
tant asymmetric divisions also take place in cellular populations
outside the apical meristems, including the male germline,
the developing vasculature, and the stomatal lineage. These
dispersed populations are not found in organized niche struc-
tures comparable to that of the root and, correspondingly, might
be expected to employ distinct (perhaps more intrinsic) asym-
metric division mechanisms. In the following section, we will
describe both cellular ontogeny and molecular control of asym-
metric divisions in the stomatal lineage, the dispersed population
in which such divisions have been most extensively studied.
During postembryonic development, the plant epidermis
generates several distinct cell types, including stomatal guard
cells. Stomata act as valves through which atmospheric CO2
can enter the plant and O2 and water vapor can escape, and
each consists of paired guard cells surrounding a central pore.
Although the overall pattern of stomata on the leaf surface is vari-
able among species, stomata are almost universally patterned
according to a one-cell spacing rule, such that at least one inter-
vening epidermal cell separates nearby stomata from one
another. Both the patterned distribution of stomatal complexes
and the differentiation of the guard cells themselves are associ-
ated with asymmetric, oriented divisions. Here, we will consider
stomatal development in two major groups of flowering plants,
takingmaize (a grass) andArabidopsis (a dicot) as representative
models. Recent studies in these systems have uncovered cell-
autonomous factors and extrinsic signals that regulate asym-
metric divisions and, in concert, allow such divisions to produce
correctly specified cells in a functionally adaptive pattern.
Maize Stomatal Development
In maize (and grasses in general), stomatal complexes consist of
guard cells flanked by a pair of adjacent subsidiary cells.
Stomatal development proceeds in a well-defined spatiotem-
poral gradient, with early (asymmetric division) steps taking
place in the proximal portions of the leaf and terminal differenti-
ation in older, more distal, regions (Figure 4A). The guard cells
are generated in specific cell files; asymmetric cell divisions in
these files produce guard mother cells (GMCs), which then
divide symmetrically to form the two guard cells. Before the
GMC divides, however, it sends a polarizing signal to the subsid-
iary mother cells (SMCs) in the neighboring files. This exchange
results in movement of the SMC nucleus toward the site of GMC
contact, followed by asymmetric division of the SMC (with an
unusual curved cell wall, Figure 4B) to create a subsidiary cell
adjacent to the nascent guard cells.
While the genes required for the asymmetric divisions that
create GMCs are not known, several mutations affect thesubsidiary cells (Cartwright et al., 2009; Gallagher and Smith,
1999, 2000). PANGLOSS1 (PAN1) and PAN2 are required for
SMC division orientation and subsidiary cell fate; mutations in
either lead to the failure of the SMC nucleus to align beside the
GMC and result in abnormal asymmetric division and subsidiary
fate specification (Cartwright et al., 2009; Gallagher and Smith,
2000). PAN1, a leucine-rich repeat receptor-like kinase (LRR-
RLK), accumulates at the SMC periphery and is strikingly polar-
ized toward the site of GMC contact (Figure 4B and Cartwright
et al., 2009). According to current models, PAN1 responds to
GMC-produced cues to localize to the side of the cell adjacent
to the GMC and functions from this site to recruit the nucleus
and actin patches. Evidence that PAN1 positions itself in
response to a GMC signal comes from exceptional cases where
SMCs are next to two GMCs; here, PAN1 patches are observed
adjacent to each GMC contact site (Cartwright et al., 2009).
While this model is consistent with the available data, many
questions remain unanswered. The nature of the GMC cue that
positions PAN1 is unknown, as are the specific mechanisms
by which it establishes SMC polarity and places division plane.
Similarly, it is unclear whether PAN1 plays the signaling role its
molecular identity would imply. Although predicted to be
a kinase, it is missing an essential residue for kinase activity
and does not appear to phosphorylate itself or a generic
substrate in vitro (Cartwright et al., 2009). Finally, PAN1 is only
ever visible in its polarized peripheral position, which might indi-
cate either that PAN1 responds to an even earlier polarity cue, or
that it is simply not detectable by antibodies until concentrated in
one region.
Maize stomatal development certainly appears to rely on posi-
tional signaling. Is there any evidence that intrinsic factors play
a part? Current evidence supports a model in which polarization
by external signals induces asymmetric distribution of fate deter-
minants within the SMC prior to cytokinesis, and in which these
determinants drive subsidiary fate without need for persistent
signals from the GMC (Gallagher and Smith, 2000). Thus, while
SMC asymmetric division ultimately depends on external cues,
these cues likely act by inducing subcellular asymmetries that
result in unequal inheritance of fate determinants by daughter
cells.
Arabidopsis Stomatal Development
In maize, the linear arrangement of mature stomata reflects the
ordered disposition of the precursors. In contrast, Arabidopsis
stomatal precursors arise from asymmetric divisions of an
apparently random subset of cells in the immature epidermis
(Figure 4C). As of yet, no morphological or gene expression
patterns have unambiguously marked this cell population, so
these cells (meristemoid mother cells, MMCs) are defined retro-
spectively. An asymmetric entry division of the MMC creates
a meristemoid and a stomatal lineage ground cell (SLGC) as its
smaller and larger daughters, respectively (Figure 4D). The mer-
istemoid has limited self-renewing capacity and may continue to
undergo asymmetric amplifying divisions, with the smaller
daughter of each division round retaining meristemoid identity
and the larger becoming an SLGC. Eventually, the meristemoid
will differentiate into a GMC that undergoes one symmetric divi-
sion to produce the paired guard cells of the stoma. The SLGCs
produced at various stages of lineage progression mayDevelopmental Cell 16, June 16, 2009 ª2009 Elsevier Inc. 791
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Figure 4. Asymmetric Divisions in Maize and Arabidopsis Stomatal Lineages
(A) Diagram of a maize leaf, indicating linear cell files containing stomatal lineage precursors (tan) at the base and guard mother cells (GMCs, pink) more distally.
(B) Generation of subsidiary cells (SCs) by recruitment of the subsidiary mother cell (SMC) nucleus to the site of GMC contact, followed by asymmetric and
oriented cell division to create SCs that flank the guard cells (GCs). PAN1 protein (yellow) in SMCs localizes to the contact zone.
(C) Dispersed distribution of Arabidopsis stomatal precursors (pink and orange ovals) in young leaves, followed by intercalation of new precursors between
maturing guard cells (green bisected ovals).
(D) Arabidopsis stomatal development requires asymmetric entry divisions of MMCs (tan) to create meristemoids (M, orange), which may self-renew via ampli-
fying divisions or differentiate into GMCs (pink) that divide symmetrically to form guard cells (green). Spacing divisions of MMCs next to stomatal precursors are
oriented as well as asymmetric. Transcription factors SPCH, MUTE, and FAMA control successive stages of lineage progression.
(E) Cartoon showing loss of morphological and fate asymmetry in basl MMC divisions (black arrow indicates aberrant division plane and yellow circles indicate
nuclear expression of fate marker MUTE::GFP).
(F) Schematic of BASL protein localization in stomatal lineage cells. Ovals represent nuclei; strong BASL expression is represented by green fill, whereas dimin-
ishing BASL expression is indicated in pale green.differentiate into large, lobed pavement cells, or may also
become MMCs, dividing asymmetrically to create secondary
meristemoids. These secondary entry divisions, called spacing
divisions, lead to a sort of ‘‘fill in’’ pattern where new meriste-
moids arise among mature precursors and stomata. To maintain
the one-cell spacing pattern, the spacing divisions creating
secondary meristemoids are not only asymmetric, but are
oriented such that the newmeristemoid forms distal to the exist-
ing stoma/precursor (reviewed in Bergmann and Sack, 2007).
The requirement for oriented division relative to existing land-
marks suggests that external signals might play a key role in
stomatal lineage asymmetric division, and indeed, several792 Developmental Cell 16, June 16, 2009 ª2009 Elsevier Inc.receptors and receptor-like kinases are required for the mainte-
nance of one-cell spacing. The LRR-receptor-like protein TOO
MANY MOUTHS (TMM) was the first component of this network
to be identified (Nadeau and Sack, 2002) and has subsequently
been joined by potential LRR-RLK signaling partners ERECTA,
ERECTA-LIKE1, and ERECTA-LIKE2 (collectively referred to as
the ERECTA family, or ERf) (Shpak et al., 2005). Loss of TMM
or ERf function results in the production of excess stomata ar-
ranged in clusters, and these factors appear both to orient asym-
metric division and repress stomatal fate at various stages of
lineage progression. Although TMM and the ERf belong to the
same broad receptor class as maize PAN1, the proteins are
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been reported for TMM or the ERf (Nadeau and Sack, 2002).
Loss-of-function mutations in two related genes encoding puta-
tive ligands, EPIDERMAL PATTERNING FACTOR 1 (EPF1, Hara
et al., 2007) and EPF2 (Hunt and Gray, 2009), also confer defects
in stomatal patterning. EPF2, which is expressed in early
stomatal lineage cells, appears to limit the number of cells that
undergo lineage entry. EPF1, on the other hand, is expressed
in relatively late stomatal precursors and primarily regulates
orientation of spacing divisions. Interestingly, epistasis analyses
indicate that EPF1 activity depends on both TMM and the ERf,
but also that EPF2 possesses some TMM-independent func-
tions, potentially reflecting specificity in ligand-receptor interac-
tions (Hunt and Gray, 2009).
As in the embryo and root, transcription factors play a critical
role in asymmetric division and cell fate establishment in the
stomatal lineage (Kanaoka et al., 2008; Kutter et al., 2007; Lai
et al., 2005; MacAlister et al., 2007; Ohashi-Ito and Bergmann,
2006; Pillitteri et al., 2007). One set of these transcription factors
belongs to the conserved bHLH family, which is found in animal
as well as plant systems. Based upon loss- and gain-of-function
phenotypes, five bHLH transcription factors serve as major cell
fate regulators in the stomatal lineage (Kanaoka et al., 2008;
MacAlister et al., 2007; Ohashi-Ito and Bergmann, 2006; Pillitteri
et al., 2007), and three of these five (SPEECHLESS [SPCH],
MUTE, and FAMA) display restricted expression patterns that
correlate with specific stages of lineage progression (MacAlister
et al., 2007; Ohashi-Ito and Bergmann, 2006; Pillitteri et al.,
2007).
SPCH andMUTE are responsible for the initiation and termina-
tion, respectively, of asymmetric divisions in the stomatal
lineage. SPCH is expressed transiently in a subset of epidermal
cells, many of which undergo entry (and later, spacing) divisions
to produce meristemoids, and strong spch mutations block
stomatal lineage initiation (MacAlister et al., 2007; Pillitteri
et al., 2007). SPCH is a direct target of MAP kinase phosphory-
lation, and although overexpression of wild-type SPCH confers
little phenotype, expression of SPCH variants lacking phosphor-
ylation sites induces excess asymmetric divisions and meriste-
moid overproduction (Lampard et al., 2008). Notably, the MAP
kinases that phosphorylate SPCH are downstream components
of the YODA signaling cascade, described above for its role in
asymmetric division of the zygote. MUTE, which acts in late mer-
istemoids to terminate amplifying division, is not subject to
similar MAP kinase control and can, upon overexpression,
generate an epidermis composed almost entirely of stomata
by inducing all epidermal cell types to become GMCs, which
then divide to become pairs of guard cells (MacAlister et al.,
2007; Pillitteri et al., 2007).
The molecular identities of SPCH and MUTE, together with
their roles in cell fate transitions, make it appealing to postulate
their function as segregated determinants. Their expression
patterns, however, make this role unlikely. SPCH is expressed
in some cells that do not undergo asymmetric entry divisions
and can be found initially in both daughters of the asymmetric
division it induces (Lampard et al., 2008; MacAlister et al.,
2007). MUTE is not generally expressed in newly formed meris-
temoids, but becomes stronger as meristemoids proceed
through amplifying divisions (Pillitteri et al., 2007; Pillitteri et al.,2008). This expression pattern does not point to MUTE as
a segregated determinant, but rather suggests it might act as
a molecular clock regulating GMC transition.
A Novel Asymmetrically Inherited Protein
The identification of signaling components and transcription
factors (at least one of which is a direct target of the signaling
pathways) as key regulators of asymmetric division in the Arabi-
dopsis stomatal lineage fits well with what is observed in later
rounds of meristemoid production, when new precursors must
be intercalated with existing stomata in a patterned fashion.
Identification of these factors, however, does not explain how
the relatively high-level ‘‘decision’’ process is translated into
asymmetry at the cell biological level. Nor do these elements
explain how asymmetric MMC divisions can occur in a field of
equivalent epidermal cells without reference to apparent land-
marks. The recent identification of BREAKING OF ASYMMETRY
IN THE STOMATAL LINEAGE (BASL), an unequally segregated
protein that appears to act at the cortex to promote divisional
asymmetry, may offer insight into both the cell biology and
symmetry breaking mechanisms of the stomatal lineage (Dong
et al., 2009).
In the absence of BASL, stomatal lineage divisions show
reduced physical and fate asymmetry, generating daughter cells
inappropriately similar in size, marker expression, and ultimate
identity (Figure 4E and Dong et al., 2009). Unlike other stomatal
regulators, BASL does not encode a transcription factor or
signaling component, but rather a novel, plant-specific protein
possessing no recognizable functional domains. BASL is ex-
pressed primarily in asymmetrically dividing stomatal lineage
cells, and it is the dynamic behavior of BASL protein within these
cells that is most informative. Prior to a typical asymmetric divi-
sion, BASL is found in the nucleus, but begins to accumulate in
a cortical crescent; this crescent is always positioned so that it
is inherited by the larger daughter. After division, the smaller
daughter has BASL in the nucleus, while the larger has BASL
both in the nucleus and at the cortex (Figure 4F and Dong
et al., 2009). Time-lapse experiments tracing BASL dynamics
in single cells revealed two possible developmental trajectories
for each daughter. The smaller (meristemoid) can become
a GMC, losing nuclear BASL in the process, or it can divide again
asymmetrically after first establishing a new cortical crescent.
The larger (SLGC) can lose nuclear BASL and differentiate into
a nonstomatal epidermal cell, or it can divide asymmetrically to
form a secondary meristemoid—a fate that correlated with
retention of both nuclear and cortical BASL. Production of
a secondary meristemoid requires that the SLGC reorient its
axis of polarity in order to maintain one-cell spacing. This reor-
ientation is reflected in the cortical BASL crescent’s relocation
to the opposite side of the cell, ensuring that it is distal to the
newly forming meristemoid (Figure 4F).
BASL’s polarized localization and loss-of-function phenotype
suggest that it may play a functional role comparable to that of
intrinsic polarity proteins or fate determinants in animal systems,
both of which display polarized localization and are required for
asymmetric fate specification in daughters. To some extent,
BASL bears the greater resemblance to polarity generators
such as the PAR/aPKC complex, in that divisions lose physical
as well as cell fate asymmetry in its absence and division planesDevelopmental Cell 16, June 16, 2009 ª2009 Elsevier Inc. 793
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notably its dual nuclear-cortical localization correlated with cell
fate, is distinct from that of known polarity proteins and more
reminiscent of fate determinants such as Prospero. Mechanistic
studies of BASL will clarify the extent of analogy between this
novel protein and intrinsic asymmetric division components in
animals.
Reconsideration of General Models
in Light of Plant Data
Plant cells are nonmotile and embedded in a rigid cell wall that
maintains them in reliable relationships to their neighbors,
featureswhichmight tend to favor external control of asymmetric
division. While relatively few asymmetric divisions in plants have
been elucidated in detail, present data generally support this
contention. Extrinsic control via an unconventional transcrip-
tion-factor-based mechanism has been demonstrated in the
root, and external signaling through more conventional ligand-
receptor interactions is strongly implicated in stomatal develop-
ment. An exception to this rule, however, is encountered early in
the Arabidopsis stomatal lineage, when asymmetric divisions
take place in a subset of equivalent cells. This situation requires
symmetry-breaking mechanisms internal to each dividing cell,
and indeed, the intrinsic factor BASL promotes physical and
fate asymmetry at this stage in the absence of apparent external
cues. Thus, control of plant asymmetric divisions is shaped by
both the constraints of organismal biology and the needs of
the specific divisional situation.
Our objective has not been tomerely review and classify asym-
metric divisions in plants, but rather to consider plant asymmetric
division systems in relation to comparable animal systems,
observing the extent to which mechanisms are conserved at
the molecular and logical levels. In principle, asymmetric divi-
sions compared between two taxa might be related in one of
three ways. First, theymight employ the samemolecular players,
as in the conservation of PAR3, PAR6, and Numb ortholog func-
tion inDrosophilaandmammalianneural progenitors (Doe, 2008).
Second, they might employ players distinct in identity but highly
similar in molecular type and function, as in the use of JAK-STAT
signaling to maintain male GSCs and BMP signaling to maintain
female GSCs (Fuller and Spradling, 2007). Third, they might
employ wholly distinct molecular players and mechanisms, yet
retain a common overarching logic. While differences in body
plans and organ types between plants and animals preclude
comparison of directly analogous systems (e.g., animals have
no stomata, while plants have no neuroblasts), it appears that
relationships between plant and animal asymmetric division
systems in general fall into the third category. One beautiful
example of the asymmetric division problem being solved in
a logically familiar way, yet using wholly unique machinery and
mechanisms, is provided by the SCR/SHR system regulating
the cortex/endodermal division. The use of a moving transcrip-
tion factor as a positional cue, and of its self-reinforcing seques-
tration as a fate separation mechanism, is unconventional and
has not been reported in any animal system (Cui et al., 2007;
Nakajima et al., 2001). Yet the general concept, that division
plane regulation in a highly ordered niche environment can reli-
ably generate daughters in distinct relation to a fate-specifying
signal, is readily recognizable from the Drosophila germline.794 Developmental Cell 16, June 16, 2009 ª2009 Elsevier Inc.Ultimately, it is the combination of logical similarity andmolec-
ular difference between animal and plant systems that renders
their joint study most valuable. Multicellularity arose separately
in plant and animal lineages, such that mechanistic and/or
logical similarities in asymmetric divisions between these taxa
must reflect constraints of the problem rather than a common
evolutionary origin. It is unsurprising that such similarities are
primarily encountered at the logical level, given the substantially
different cellular machineries that plant and animal cells must
regulate in order to organize and execute an asymmetric divi-
sion. Nonetheless, not all mechanistic differences between
comparable plant and animal division systems (e.g., the use of
amoving transcription factor versus a peptide ligand) are directly
tied to their unique cell biological properties. This raises the inter-
esting possibility that logical elements or circuits from one asym-
metric division system could potentially be introduced into
a heterologous system as a ‘‘workaround,’’ either to correct
defects in the endogenous system (in a medical context) or to
adaptively alter the system’s behavior (in a bioengineering
context). Further study of plant asymmetric divisions will clarify
how such divisions are orchestrated at the cell biological level,
how the unique features of plants and animals affect their solu-
tions to the asymmetric division problem, and whether there
are instances in which plant and animal asymmetry mechanisms
and/or molecular players are substantially conserved.
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